Abstract. In the middle of 1989, the INGV (Italian Istituto Nazionale di Geofisica e Vulcanologia) installed in Central Italy a network of magnetic stations in order to investigate possible relationship of the local magnetic field with earthquakes occurrences. Actually the network consists of four stations, where the total magnetic field intensity data are being collected using proton precession magnetometers. Here we are report on the actual state and the future developments of the network. In the frame of the MEM (Magnetic and Electric fields Monitoring) Project, new stations will be added to the network by the end of 2007. The results of the test campaigns carried out in the sites chosen to widen the network are also discussed. Moreover, the 2006 complete data set of the network is also reported. Concerning the data analysis, a new approach is also discussed that takes into account the inductive effects on the local geomagnetic field by means of the inter-station transfer functions time variations analysis.
Introduction
Stress changes in the Earth's crust associated with the seismic and volcanic activity can be linked to local magnetic anomalies (Stacey, 1964; Hayakawa and Fujinawa, 1994; Molchanov et al., 1995; Johnston, 1997; Johnston and Parrot, 1998) . The observation of these anomalies is quite difficult because their amplitude depends principally on the intensity of the seismic events, on the involved physical mechanisms and on the distance between the earthquake hypocenter and the observation point (Hayakawa et al., 2007) . Moreover, coseismic field changes are larger than preseismic and postseismic changes because the observed coseismic effects are due to the release of the accumulated crustal stress during Correspondence to: F. Masci (masci@ingv.it) the entire earthquake duration, whereas the preseismic signals are due to a small fraction of the accumulated energy release (Mueller and Johnston, 1998) . For this the reason the precursory signals linked to earthquakes occurrence are difficult to detect. In any case, the value of these anomalies, approximately a few nT, is very small with respect to the total field value. From the seismic point of view, Italy is an area with several active faults (see Fig. 1 ) and, in the past, has been characterized by a lot of wasteful earthquakes. In Central Italy several studies concerning the correlation between anomalous electromagnetic signals and the tectonic activity can be found in the literature (De Lauretis et al., 1995; Biagi et al., 2002) . Bella et al. (1998) described anomalous acoustic, electric and magnetic signals related to the M=3.9 Gran Sasso earthquake occurred on 25 August 1992. The INGV tectonomagnetic network was installed in Central Italy since the middle of 1989. The network is spread out in an area extending approximately in the latitude range [41.6 • -42.8 • ]N and longitude range [13.0 • -14.3 • ]E. Until now, no evident correlation between tectonic activity in Central Italy and changes in the local magnetic field has been observed. In the last three years some inexplicable events in one station of the network have occurred (Masci et al., 2006) , but no evident relationship with the local earthquakes has been found.
Working and planned stations
The INGV tectonomagnetic network is part of the INGV L'Aquila Geomagnetic Observatory and at the present time, total magnetic field intensity data are collected in four stations using proton precession magnetometers. The network stations are: L'Aquila (AQU), Monte di Mezzo (MDM), Civitella Alfedena (CVT) and Leonessa (LEO). In Fig. 1 showing only small differences due to the local variations of the magnetic field. Moreover, it is evident that the noise of the DUR signal (≈0.15 nT peak-to-peak) is comparable with the noise of the AQU signal. We have obtained the same results in the test campaign carried out in the BRT site. So, these two sites will be enclosed in the network. Looking at Fig. 4 it is obvious that the VVL signal is unfortunately noisier than the AQU signal; the background noise level is about 0.5 nT peak-to-peak. The explanation of the VVL noise can be found in the electrified railway some kilometers far away from the site (Palangio et al., 1991) . So this site has been rejected and we are searching for a new site to fill the gap between AQU and CVT stations.
The 2006 data set
In the top panel of Fig. 2 is reported the 2006 data set of the network as daily means of the total magnetic field. Each station data set is differentiated with respect to the data set of the other stations in order to detect any local field anomalies. The differentiation procedure removes the contributions from other sources, external (i.e. electric currents in the ionosphere and magnetosphere) and internal to the Earth (i.e. secular trend of the geomagnetic field). The only one remaining Figure 3 . Duronia test campaign data set compared with L'Aquila measurements. The acquisition time step is 5s. The colour of each plot is the same of the corresponding vertical axis. Note that the noise of the DUR data set is comparable with the noise of the AQU data set. In the MDM signal the evident noise at 13:05 UT is due to a mushroom seeker walking near the sensor. Fig. 3 . Duronia test campaign data set compared with L'Aquila measurements. The acquisition time step is 5s. The colour of each plot is the same of the corresponding vertical axis. Note that the noise of the DUR data set is comparable with the noise of the AQU data set. In the MDM signal the evident noise at 13:05 UT is due to a mushroom seeker walking near the sensor. is due to the local variation in crustal magnetization and to the tectonic activity as well. A daily mean of the differentiated data is calculated to remove the diurnal variation. The LEO station data set is not reported in the figure because of the large number of gaps in the data due to technical problem which affect the continuity of the measurements. The bottom panel of Fig. 2 shows the differences among the stations of AQU, CVT and MDM as daily means. During the 2006 no significant seismic activity has been registered in Central Italy. The maximum magnitude of the local earthquakes registered during this period is about M=3.5 (INGV Seismic Bulletin, 2006) , so no significant anomalies in the local geomagnetic field are expected. In any case in Fig. 2 the differentiated data indicate some events that can mislead us. Looking at the figure, the presence of two jumps is obvious between two levels with a difference of 2 nT and 4 nT respectively, in the days JD=13 and JD=136. These events are due to the MDM total geomagnetic field as they are present in the differences AQU-MDM and MDM-CVT and are not evident in the differences AQU-CVT. In the previous years similar events are shown for the MDM station. We can exclude instrumental problems as after the first event of 2004 we have changed the MDM instrumentation with a new magnetometer, but about a year later we have recorded another event with the new instrumentation (Masci et al., 2006) . Figure 2 shows probably a similar event happened unfortunately during the gap JD=160-277 in the MDM data set as can be seen by the different levels of the MDM-CVT and AQU-MDM differentiated data. Anyway, we want to point out that there are no relations between these jumps and the seismic activity. At this time, we have no reasonable explanation for these events. To better investigate the kind of these jumps, in the MDM station, from the end of 2006, a second magnetometer that is working simultaneously with the existing station instrumentation was installed. The instrument is an Overhauser magnetometer with an acquisition time step set to 5 s.
The inter-stations transfer functions analysis
A new approach in the data analysis, which takes into account the inductive effects, has been tested by means of the temporal variation of inter-station transfer functions. This kind of analysis takes into account the electric currents induced in the Earth's electrically conducting layer that in turn produce a magnetic field on the Earth's surface. The electric conductivity of the rocks is an important physical measurable property of the Earth's crust. The conductivity time variation can be monitored by the study of the magnetic transfer functions temporal variation, and therefore by the associated magnetic induction vectors variation. So, the monitoring of the transfer functions is an available method to study the crustal conductivity changes in the vicinity of the measurement site. Usually, this kind of analysis is focused on the monitoring of the transfer functions evaluated by the variation of the geomagnetic field components measured in the same place (single-station transfer functions). The singlestation transfer functions analysis provides information on the electrical conductivity profile under the area of the measurement site. On the contrary, the inter-station transfer functions (ISTF) analysis provides information on the difference of the Earth's crust electrical conductivity structure between two sites. Some examples concerning the changes of the magnetic transfer functions related to the seismic activity are reported in the literature (see for example Yanagihara and Nagano, 1976; Harada et al., 2004) . Using the ISTF technique, Chen et al. (2006) have reported two significant transfer functions anomalies 40 and 20 months before two high seismic events. Moreover, they have shown that the transfer functions change is a local effect rather than a large scale effect and that only long-term precursory effects can be detected. Actually, waiting for the upgrade of the our stations with 3-axial magnetometers, for this kind of analysis we use the total field data of the new Overhauser magnetometer installed in MDM and the vectorial data set of the AQU observatory. The data time resolution is 5 s. First of all we are testing if the variations of the inter-station transfer functions, estimated from the total magnetic field data measured in two stations of the network can be related also to the relative changes of the crustal conductivity. In that case, the transfer function T xy (ω), can be defined in the frequency domain as the ratio of the cross spectrum P xy (ω) and the power spectrum P xx (ω):
In Eq. (1) x(t) and y(t) are the total magnetic field measured in two stations of the network as a function of time t, and ω represents the frequency. However, these transfer functions are not completely independent of the horizontal field components because they depend both on the magnetic inclination and on the variations of the magnetic declination of the measurement sites. As example, in Fig. 5 are shown the monthly mean transfer functions for the couple of stations AQU and MDM evaluated for January and February 2007. Note that the two transfer functions have a similar behaviour. In the frequency band [0-0.005]Hz the value of the transfer functions is about 1, so the spectral content of the signals collected in the two sites is the same. Above 0.005 Hz the differences among the two sites are evident. With the assumption that the variations of the magnetic field horizontal components are the same in the two sites, this difference can be linked with the inductive effects due to the different spectral response of the measurement sites. This different spectral response can be directly connected with the differences of the underground electric conductivity structure in the two sites. Looking at Fig. 5 it is obvious that the two transfer functions look like a low pass filter transfer function with a cutoff frequency around 0.015Hz. This frequency corresponds to an estimated skin-depth which involves the whole Earth's crust in the observed area. Therefore, in our case the role of the inductive effects should be significant for frequencies higher than the cut-off frequency. A second approach has been tested according to Hitchman et al. (2000) . In that case, the inter-station transfer functions have been evaluated by the total magnetic field measured in a station and the variation of the horizontal field components recorded in a reference site. They applied this technique to aeromagnetic base station data and to data set collected at the sea surface by offshore floating magnetometer. If Z, H and D are respectively the variations of the vertical component and the north and east horizontal components of the geomagnetic field, we can assume, in the frequency domain, the relation
where A(ω) and B(ω) are the magnetic transfer functions and ω is the frequency. A(ω) and B(ω) are generally complex functions. They are time invariant functions if the electric resistivity of the ground does not change; that is, when no large crustal changes due to geodynamical processes are in progress. If we know the total field F but not the vertical component Z, we can define A F (ω) and B F (ω) as the transfer functions related to the total field (Lilley et al., 1984) and we can write
In the frequency domain, F (ω) can be written as
where I is the local inclination. The value of the inclination used in the calculation is I = 57,8 • . Comparing Eq. (2) and Eq. (4) we obtain
So, from Eq. (3) and Eq. (5), we obtain
Starting from A(ω) and B(ω) obtained from Eq. (6), we can define a pair of induction vectors, each corresponding to the real and imaginary components, whose magnitudes are:
whereas the corresponding phases are In Eq. (7) and Eq. (8) the subscripts r and i refer to the real and imaginary components respectively. For this kind of analysis we use the MDM total magnetic field and the AQU horizontal field components. Anyway no significant local tectonic activity has been registered in this period, so no significant anomalies in the local geomagnetic field is expected. In any case, the analysis of the data that will be collected in the future years in the INGV tectonomagnetic network will be necessary to check the validity of the two reported methods.
Conclusions
We have reported the whole data set of the INGV tectonomagnetic network for the year 2006 both as daily means of the total magnetic field and as differences between each network data set. No correlation with the local seismic activity has been so far found. Anyway no significant seismic activity has been registered in Central Italy in this period, so no significant anomalies in the local magnetic field is expected. Some misleading events are pointed out in one station of the network. The network upgrade in the frame of the MEM project is also discussed. The results of the test campaigns carried out in the sites planned as new stations of the network are reported showing that one of these sites is not suitable for the installation of a tectonomagnetic station. A new approach in the usual data analysis has been tested by means of the inter-station transfer functions evaluation. Two methods are tested using, in the first case, the total magnetic field data set of MDM and AQU stations and in the second the MDM total magnetic field combined with the AQU magnetic horizontal components. Future analysis of the data collected in the network stations will be necessary to check the validity of the two methods.
